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The quasispecies structure of nervous necrosis virus (NNV) was determined to investigate an outbreak
of viral nervous necrosis disease at a barramundi (Lates calcarifer) hatchery. A traditional epidemio-
logical investigation indicated horizontal transmission of infection between two cohorts of ﬁsh.
However, variation in the viral capsid protein gene sequence from cell culture-derived viral populations
and from individual ﬁsh suggested that each cohort was infected with a different virus. Molecular
support for the correct epidemiological conclusion was provided by determining the consensus NNV
sequence directly from multiple ﬁsh, to show that each cohort was infected with the same quasispecies.
Variation in the capsid gene of isolates obtained from this quasispecies was up to 3.3% compared with
sequences determined directly from ﬁsh tissue, and r1.7% between individual ﬁsh within each cohort.
Determination of the NNV quasispecies structure supported implementation of biosecurity measures to
protect ﬁsh in the hatchery from environmental sources of infection.
& 2012 Elsevier Inc. All rights reserved.Introduction
RNA viruses are a signiﬁcant cause of morbidity and mortality in
animal populations, representing 72% of viruses, and 36% of all
pathogens listed by the World Organisation for Animal Health (OIE,
2012). In addition, RNA viruses are prominent at the human–animal
interface, being responsible for recent serious emerging zoonotic
diseases including swine-origin avian inﬂuenza (Smith et al., 2009)
and sudden acute respiratory syndrome (SARS) (Wang et al., 2006).
The high mutation rate and potential for rapid evolution contributes
to the threat posed by RNA viruses, but this feature has also been
exploited to identify transmission pathways and the source of
infection during outbreaks of foot-and-mouth disease (FMD) and
avian inﬂuenza (Bataille et al., 2011; Cottam et al., 2008). In the case
of infectious salmon anaemia virus (ISAV), phylogenetic analyses
provided molecular evidence indicating horizontal transmission path-
ways between ﬁsh farms (Lyngstad et al., 2011). Within an infected
host, RNA viruses exist as quasispecies which are heterogeneous
populations of individual genomes with different nucleotide
sequence, that are related by a common consensus sequence
(Domingo et al., 2012). Quasispecies structure is variable; sequence
variation was less than 2104 mutations per nucleotide for
infectious hematopoietic necrosis viruswithin 10 naturally infected ﬁsh
populations (Emmenegger et al., 2003). By contrast, sequencell rights reserved.
u (R. Whittington).heterogeneity was present in the ISAV genome in ﬁsh from the same
farm (Kibenge et al., 2009). Within the non-coding region of segment
3 of the ISAV genome, 5/5 clones from a single isolate had different
sequences (Kulshreshtha et al., 2010). Consideration of this variation
in viral nucleotide sequence within a single infected host was
required for the correct interpretation of a molecular epidemiological
investigation of FMDV (Cottam et al., 2009). Considering the recogni-
tion of quasispecies it is surprising that it is infrequently considered in
molecular epidemiological investigations. In this paper we provide an
example of the importance of characterising a quasispecies in source
attribution during outbreak investigation.
Viral nervous necrosis (VNN) is a disease observed in marine
aquaculture hatcheries worldwide. It can cause 100% mortality
and affect more than 30 species of ﬁsh (Munday et al., 2002).
The causative pathogens are nervous necrosis viruses (NNV),
which belong to the genus Betanodavirus, family Nodaviridae.
Better understanding of the epidemiology of VNN, including
the relative importance of horizontal and vertical transmission
of NNV, will enable aquaculture managers to minimise the impact
of VNN, which occurs with unpredictable frequency and severity.
Betanodaviruses possess a bipartite, positive sense, single
stranded RNA genome. The RNA1 molecule is approximately
3000 nucleotides in length and encodes an RNA polymerase as
well as a small protein which acts as an antagonist of RNA
interference in the host cell (Nagai and Nishizawa, 1999; Fenner
et al., 2006). The RNA2 molecule contains the capsid protein gene,
which encodes the single structural component of the NNV virion
(Mori et al., 1992). A 392 nucleotide non-coding region at the
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expression (Huang et al., 2007), and assembly of virions
(Schneemann, 2006; Tang et al., 2001). Betanodaviruses were
divided into 4 genotypes based on the nucleotide sequence of the
T4 region, a 427 base segment within the capsid protein gene
(Nishizawa et al., 1997). The genotypes were originally named
according to the host ﬁsh species from which they were ﬁrst
isolated: redspotted grouper nervous necrosis virus (RGNNV),
striped jack nervous necrosis virus (SJNNV), barﬁn ﬂounder nervous
necrosis virus (BFNNV) and tiger puffer nervous necrosis virus
(TPNNV) (Table 1). Phylogenetic analyses of NNV isolates
obtained subsequently were consistent with this classiﬁcation
system (Cutrin et al., 2007; Dalla Valle et al., 2001; Thiery et al.,
2004; Toffolo et al., 2007), with the exception of turbot nervous
necrosis virus (TNNV) which represented a ﬁfth genotype
(Johansen et al., 2004). An alternative naming system reﬂected
the ability of genotypes to infect multiple host species and
permitted division of genotypes into subgroups (Thiery et al.,Table 1
Classiﬁcations within the genus Betanodavirus, family Nodaviridae. Data were compile
(2009), Mori et al. (2003) Nishizawa et al. (1997), Nylund et al. (2008), Thiery et al. (2
Species Classiﬁcation
Genotype Group Serotype Subgroup
Redspotted grouper nervous necrosis virus RGNNV I C Ia
Ib
Ic
Barﬁn ﬂounder nervous necrosis virus BFNNV II C IIa
IIb
IIc
Tiger puffer nervous necrosis virus TPNNV III B –
Striped jack nervous necrosis virusa SJNNV IV A IVa
IVb
Turbot nervous necrosis virusb TNNV V n/d –
n/d—not determined.
a International Committee on Taxonomy of Viruses (ICTV) type species.
b Not formally recognised as a viral species by the ICTV.
Table 2
Populations of ﬁsh infected with NNV. The complete RNA1 and RNA2 open reading fra
present in Australia. The NNV quasispecies were determined based on the RNA2 sequ
investigation (Populations 2a, 2b and 3).
NNV
infected
population
Host species Collection
date
Age
(days)
Water
temperature
(1C)
Location Preval
of infe
(%) a
1 Barramundi
(Lates calcarifer)
October
2007
40 30 DAC, NT 95.6
2a Barramundi
(Lates calcarifer)
October
2007
12 30 DAC, NT 75.2
2b Barramundi
(Lates calcarifer)
January
2008
150 31 Farm,
Darwin NT
93.5
3 Barramundi
(Lates calcarifer)
May 2001 30 31 DAC, NT n/d
4 Australian bass
(Macquaria
novemaculeata)
December
2006
150 22 Port
Stephens,
NSW
99.1
Populations 2a and 2b were produced at the DAC during a single spawning event; 2a wa
DAC—Darwin Aquaculture Centre; NT—Northern Territory; NSW—New South Wales;
a The true prevalence of NNV infection and number of viral genome copies per gra
et al., 2011); n/d—not determined.
b Occurrence of Viral nervous necrosis (VNN) disease based on observation of clini
c Isolation—nucleotide sequence determined from plasmid clones prepared afte
determined from PCR products ampliﬁed directly from homogenised ﬁsh tissue.2004; Table 1). Phylogenetic analyses have been applied to
epidemiological investigations of VNN outbreaks (Sugaya et al.,
2009), but the quasispecies structure of NNV within a single
infected population or individual host has not been described.
The aim of this study was to compare different strategies for
determining the nucleotide sequence of NNV. In particular, it was
shown during a detailed VNN disease outbreak investigation, that
consideration of quasispecies structure was necessary to correctly
identify the source of infection. Molecular epidemiology provided
vital information to devise improved disease control measures.Results
Genotype of nervous necrosis virus isolates
The nucleotide sequence of the cell culture-derived isolates was
determined for 2998 nucleotide positions of RNA1 and for 1017d from Chi et al. (2003), Cutrin et al. (2007), Johansen et al. (2004), Moody et al.
004) and Toffolo et al. (2007).
Phenotype
Water temperature Host range (no. of species) Geographic range
Tropical and temperate 430 Global
Tropical and temperate 3 France
Tropical and temperate 2 Australia
Cool 1 North America, Norway
Cool 42 Japan
Cool 42 Norway, Scotland, France
Cool 1 Japan
Temperate 44 Mediterranean
Temperate 42 Japan
Cool 1 Norway
me sequence was determined for 4 isolates representing each genotypic subgroup
ence of NNV from 5 ﬁsh from each population of barramundi during an outbreak
ence
ction
Quantity of
NNV
(log10genome
copies/g)a
VNNb Mortality
(%)
Sequencing
strategyc
Isolate/
quasispecies
name
Genotype
(subgroup)
9.270.7  o1% Isolation LcNNV_09/07 RGNNV (la)
Fish tissue LcNNV_DAC07 RGNNV (Ia)
11.171.8 þ 100% Isolation LcNNV_10/07 RGNNV (Ia)
Fish tissue LcNNV_DAC07 RGNNV (Ia)
5.471.0  o10% Fish tissue LcNNV_Farm07 RGNNV (Ia)
n/d þ 100% Isolation LcNNV_DAC01 RGNNV (Ia)
6.9þ1.00  o1% Isolation MnNNV_12/06 RGNNV (Ic)
s kept at the hatchery but 2b was translocated to a grow-out farm 1 day post-hatch.
RGNNV—Red spotted grouper nervous necrosis virus.
m of tissue (meanþstandard deviation) was determined in a previous study (Hick
cal signs and histopathological lesions.
r isolation of NNV in cell culture; ﬁsh tissue—NNV nucleotide sequence was
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These isolates had greater nucleotide sequence identity within
RNA1 (95.8–98.3%) compared to RNA2 (90.2–98.4%) (Table 4). Each
isolate resolved within the RGNNV (Group I) genotype (Fig. 2). The
isolate MnNNV_12/06 was a member of subgroup Ic and the other
isolates belonged to subgroup Ia based on the 294 base segment
within the T4 region for which subgroup sequence data were
available (Fig. 2c). Greater nucleotide sequence variation between
the subgroup 1a and 1c isolates was present within the partial T4
segment (identity Z86.4%), compared to the entire capsid protein
gene. However, the isolate MnNNV_12/06 formed a unique branch
within group I when the entire RNA2 ORF was considered. The
isolates from subgroups Ia and Ic were not resolved into different
phylogenetic groups based on the sequence of RNA1.
Nervous necrosis virus quasispecies
The nucleotide sequence of the capsid protein gene (RNA2) was
determined for a 984 base region between positions 17 and 1001
following PCR directly from the tissues of 5 ﬁsh. The homology of
viral sequences determined from different ﬁsh within PopulationsTable 3
Oligonucleotide primers used to determine the nucleotide sequence of nervous necros
Application Gene Oligonucleotide
Sense Name 5
RT-PCR ampliﬁcation RNA1 Forward Noda-R1F1 C
Reverse Noda-R1R1 G
RNA2 Forward R2F-Nde1 C
Reverse R2R-Sing(XhoI) C
Sequence determination RNA1 Forward Noda-R1F2 C
Forward Noda-R1F3 A
Forward Noda-R1F4 C
Forward Noda-R1F5 A
Reverse Noda-R1R2 A
Reverse Noda-R1R3 C
Reverse Noda-R1R4 TC
Reverse Noda-R1R5 TC
RNA2 Forward F2 C
Reverse R3 C
Reverse qR2R1 A
Plasmid pCR2.1 Forward M13F TG
Reverse M13R C
a Relative to the start of the RNA polymerase gene, capsid protein gene or the inse
Table 4
Pairwise sequence comparison of NNV isolates from this study (a) RNA polymeras
(meanþstandard error) expressed as nucleotide substitutions per site and percentage
LcNNV_DAC01 LcNNV_09/07
Separation distance Sequence homology (%) Separation distan
RNA Peptide
(a)
LcNNV_DAC01
LcNNV_09/07 0.017þ0.002 98.3 99.4
LcNNV_10/07 0.025þ0.003 97.5 98.8 0.024þ0.003
MnNNV_12/06 0.037þ0.004 96.4 97.8 0.029þ0.003
(b)
LcNNV_DAC01
LcNNV_09/07 0.03þ0.01 95.9 98.8
LcNNV_10/07 0.03þ0.01 98.4 97.9 0.03þ0.01
MnNNV_12/06 0.11þ0.04 92.3 97.3 0.11þ0.041 and 2a varied between 98.3% and 100% (Table 5). Phylogenetic
analysis did not reveal clustering of the sequences according to the
cohort of origin, and the consensus nucleotide sequence within each
cohort was identical (LcNNV_DAC07). That is, even though the
nucleotide sequence of the isolate obtained from each population
differed (LcNNV_DAC09/07 and LcNNV_DAC10/07); Populations
1 and 2a were infected by a quasispecies with the same consensus
RNA2 sequence. No variation in the RNA2 nucleotide sequence was
identiﬁed in 5 ﬁsh from Population 2b. The nucleotide and inferred
amino acid sequence of this quasispecies, designated LcNNV_farm07,
differed at one position compared to the quasispecies identiﬁed in
siblings at the hatchery (LcNNV_DAC07).
Comparison of nucleotide sequences of nervous necrosis virus
obtained directly from ﬁsh tissues with those obtained from isolates
in SSN-1 cells
The isolates LcNNV_DAC09/07 and LcNNV_DAC10/07 were
obtained after a single passage in SSN-1 cells from Populations
1 and 2a, respectively. The RNA2 nucleotide sequence identity of
these isolates was 97.0%, even though both were obtained fromis virus (NNV).
Product size (base pairs) Positiona
0–30 sequence Start End
ACTTACGCAAGGTTACCG 3070 50 32
AAGCGTAGGACAGCATAAAGC 3079 3100
ATATGGTACGCAARGGTGA 1026 3 17
TCGAGTTAGTTTTCCGAGTCA 1001 1022
ACGGGTCACGTCAGTTCTA n/a 419 438
GTATGGTGCTGAGTTGGAG n/a 935 954
GTGCAGTCGCCATTAAG n/a 2295 2312
GCAGACCAAGCCGTTACAG n/a 1541 1560
ATCTCTGACTGGGTATCAC n/a 2339 2358
TCAGAGATGTAAGTGACTG n/a 998 1017
AACTCATGCATGTCCAC n/a 523 541
TGCTGCTCCTCGACATAC n/a 1527 1546
GTGTCAGTCATGTGTCGCT n/a 588 607
GAGTCAACACGGGTGAAGA n/a 989 1008
CACAGGAGTATCAGCCGACCAG n/a 539 551
T AAA ACGACGGCCAGT n/a 89 72
AG GAAACAGCTATGACC n/a 94 109
rtion site of plasmid pCR2.1
e gene (RNA1); (b) capsid protein gene (RNA2). Data are separation distance
homology.
LcNNV_10/07
ce Sequence homology (%) Separation distance Sequence homology (%)
RNA Peptide RNA Peptide
97.6 99.0
97.2 98.2 0.043þ0.004 95.8 97.4
97.0 98.5
90.2 96.7 0.11þ0.04 92.0 95.9
Fig. 1. Strategies used to determine the Nervous necrosis virus (NNV) nucleotide sequence.
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RNA2 sequence obtained directly from the tissue of individual ﬁsh
in Populations 1 and 2a were 96.7–99.9% homologous with the
sequence of the isolates obtained in SSN-1 cells from the same
populations (Table 4).
The RNA2 sequence of the isolate LcNNV_DAC01, which was
obtained from a VNN outbreak at the same hatchery in 2001 was
98.5% homologous to the quasispecies infecting ﬁsh at the
hatchery in 2007 (LcNNV_DAC07). The inferred amino acid
sequence of the 2001 isolate capsid protein differed at 3/334
positions from the 2007 quasispecies.Discussion
In this study, nucleotide sequence of the 2 NNV genotypic
subgroups present in Australia were obtained after virus isolation
in cell culture. However, molecular evidence to accurately sup-
port a VNN outbreak investigation required a sequencing strategy
which accounted for the quasispecies structure of NNV, and
sequence changes which could arise during virus isolation.
Identiﬁcation of the same NNV quasispecies infecting 2 cohorts
of ﬁsh supported a traditional epidemiological investigation
which indicated a horizontal transmission pathway (Hick et al.,
2011a). In this case, a sequencing strategy relying on a cell culture
isolate or a single ﬁsh would provide misleading conclusions
about the source of infection and the reason why the infection
was subclinical in one of these cohorts (Fig. 3). A different quasis-
pecies was identiﬁed in two groups of siblings (Populations 2a
and 2b) which were geographically separated at 1 day post-hatch
by translocation of one cohort to a farm 16 km from the hatchery.
This supports previous observations which were consistent with
horizontal transmission of infection from independent sources,
rather than vertical transmission. However, these samples were
taken at different times, and it is possible that a quasispeciesobtained from a common source might have evolved as a
consequence of different host and environment factors.
The capsid protein gene of quasispecies identiﬁed at the hatchery
in 2007 and at a nearby grow-out farm were 498.5% homologous
with an isolate obtained from the same hatchery in 2001.
The inferred amino acid sequences differed at no more than
3/334 positions. This is consistent with the hypothesis that NNV
is endemic in the Darwin Harbour marine environment, with
related quasispecies arising as a result of selection pressure in
different hosts and micro-environments. Therefore, effective
control of VNN will require biosecurity measures to protect
susceptible young ﬁsh in the hatchery from exposure to NNV in
the external environment.
More detailed molecular characterisation of the genotypic
subgroups present in Australia (Ia and Ic) indicated that nucleo-
tide sequence diversity was greatest in the T4 region of the capsid
protein gene, consistent with other NNV genotypes (Nylund et al.,
2008; Okinaka and Nakai, 2008). There was no phylogenetic
differentiation between the subgroups based on the RNA poly-
merase gene (RNA1). Therefore, the capsid protein gene (RNA2)
was chosen as the most appropriate target for distinguishing
similar isolates during an outbreak investigation. Interestingly,
these subgroups did not correspond to the host species, geogra-
phical location, year of isolation, or whether the isolates were
from ﬁsh with VNN or ﬁsh with subclinical infection (Fig. 4).
Determining the consensus NNV sequence from 5 ﬁsh in each
infected cohort was sufﬁcient to differentiate quasispecies and
correctly attribute the source of infection in this VNN outbreak.
Variation of up to 1.8% in the capsid protein gene sequence within
a single population of infected of ﬁsh exceeds the expected
error rate of 2.5  104 mutations per base due to the
sequence determination methodology (Emmenegger et al., 2003).
This provided some indication of the NNV quasispecies structure,
but stoichiometric and template preference artefacts arising during
PCR ampliﬁcation may distort the distribution of nucleotide
Fig. 2. Unrooted phylogenetic trees. Isolates from the present study are indicated (D). The trees are drawn to scale; bars indicate separation distance as the number of
nucleotide substitutions per site. Numbers indicate bootstrap values greater than 95%. Four Betanodavirus genotypes are indicated: RGNNV—Redspotted grouper nervous
necrosis virus (Group I); BFNNV—Barﬁn ﬂounder nervous necrosis virus (Group II); TPNNV Tiger puffer nervous necrosis virus (Group III); SJNNV—Striped jack nervous
necrosis virus (Group IV); TNNV—Turbot nervous necrosis virus. Two insect nodaviruses (genus Alphanodavirus) and an unclassiﬁed nodavirus isolated from the Giant
fresh water prawn, Macrobrachium rosenbergii (MrNNV) are included as out-groups. (a) Unrooted phylogenetic tree for RNA1 prepared using sequence data between
positions 1 and 2735 of the RNA dependant RNA polymerase gene. (b) Unrooted phylogenetic tree for the RNA2 using sequence data for the 1017 base capsid protein gene.
(c) Unrooted phylogenetic tree for the RNA2 for a 196 base segment within the T4 region for which subgroup Ia and Ic sequence data is available.
P. Hick et al. / Virology 436 (2013) 15–23 19sequence variations and prevent detection of those present at low
frequency (Ramachandran et al., 2008). Populations 1 and 2a were
infected with an NNV quasispecies with the same consensus
sequence, but there was less variation in viral nucleotide
sequence in Population 2a. This might be the result of a genetic
bottleneck arising from a recent point source introduction.
The opportunity to explore such observations is possible with
the advent of next generation sequencing technologies coupled
with bioinformatics tools to enable more detailed analyses of
quasispecies structure (Prosperi and Salemi, 2012). For example,
FMDV quasispecies structure was resolved in ﬁne detail by
obtaining 4000–16,000 times coverage of a 9000 base segment
of the genome (Wright et al., 2011). Evaluation of quasispecies
can provide valuable information to assist with disease control.
For example, transmission of hepatitis C virus between humanpatients exposed to inappropriate sub-sampling of anaesthetic
vials was demonstrated with the aid of detailed viral sequence
data (Gutelius et al., 2010). Similarly, evidence for virulent
sequence motifs at o1% prevalence within avirulent Newcastle
disease virus isolates (a paramyxovirus) indicate that quasispe-
cies structure can inﬂuence the pathogenicity of a virus under
different selection pressures (Kattenbelt et al., 2010).
For NNV, variation in the RNA2 nucleotide sequence deter-
mined after a single passage in SSN-1 cells by up to 3.4% from the
sequence determined directly from ﬁsh tissue is consistent with
the increase in diversity observed when a viral quasispecies
infects a new host species (Schneider and Roossinck, 2001). Thus,
viral sequence determined directly from infected tissues, with
consideration of quasispecies sequence variation, is preferable
for epidemiologic analyses. Such a sequencing strategy is also
Table 5
Pairwise sequence comparison of the NNV capsid protein gene (RNA2) determined from ﬁsh in Populations 1 and 2a which were used to characterise the quasispecies
LcNNV_DAC07; the sequence of NNV isolated in cell culture from Populations 1 (LcNNV_09/07) and 2a (LcNNV_10/07) are included. Data are percentage nucleotide
sequence homology for a 984 base segment of RNA2. Sequence variation was not observed in Population 2b.
Population 1 Population 2a
Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 LcNNV_DAC07 LcNNV_09/07 LcNNV_10/07
Population 1
Fish 1
Fish 2 99.7
Fish 3 99.7 100.0
Fish 4 98.3 98.5 98.5
Fish 5 99.7 100 100 98.5
Population 2a
Fish 1 99.6 99.9 99.9 98.4 99.9
Fish 2 99.7 100 100 98.5 100 99.9
Fish 3 99.7 100 100 98.5 100 99.9 100
Fish 4 99.5 99.8 99.8 98.4 99.8 99.7 99.8 99.8
Fish 5 99.5 99.6 99.6 98.1 99.6 99.5 99.6 99.6 99.8
LcNNV_DAC07 99.7 100 100 98.5 100 99.9 100 100 99.8 99.6
LcNNV_09/07 96.7 97.1 97.1 99.6 97.1 96.9 97.1 97.1 96.8 96.6 97.1
LcNNV_10/07 99.6 99.9 99.9 98.4 99.9 99.8 99.9 99.9 99.7 99.5 99.9 97.3
Fig. 3. The outcome of different strategies for determining the RNA2 nucleotide sequence of NNV in two populations of ﬁsh. Traditional epidemiological methods indicated
horizontal transmission of infection from Population 1 to Population 2a; molecular data indicating the same virus was present in each population would provide a correct
conclusion. A strategy which determined the viral sequence directly from the tissue of 5 infected ﬁsh in each population provided the correct conclusion. The viral
sequence determined from individual ﬁsh and from virus isolated in cell culture resulted in erroneous conclusions about the NNV transmission pathways. The numbers on
each line indicate the probability of obtaining each conclusion (viral sequence from 5 individual ﬁsh per population).
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sequence variation identiﬁed within a single population of ﬁsh
in this study was greater than that used to differentiate phyloge-
netic subgroups IIb and IIc and subgroups IVa and IVb, where
RNA2 sequence homology was 498% (Cutrin et al., 2007; Thiery
et al., 2004).
The present study provides an example of the importance
of quasispecies in the molecular epidemiology of RNA virusinfection. In this case, accurate molecular data required the
consensus of multiple related NNV sequences to be determined
within each population of ﬁsh. Without this strategy, sequence
analysis would have contradicted traditional epidemiological
observations which identiﬁed horizontal transmission of NNV
within an aquaculture hatchery. The study also highlighted the
importance of host factors on the development of disease.
Rapid advances in sequencing technology provide tools which
Fig. 4. Nervous necrosis virus (NNV) isolates from Australia were classiﬁed within subgroups Ia and Ic of the Red spotted grouper nervous necrosis virus (RGNNV)
genotype. Neither of these phylogenetic subgroups was limited to a particular location, host species or time. Infection with either subgroup did not always result in viral
nervous necrosis (VNN) disease.
P. Hick et al. / Virology 436 (2013) 15–23 21will provide improved understanding of the pathogenesis and
epidemiology of VNN. Studies of this kind are indicated in
investigations of disease outbreaks caused by RNA viruses to
enable improved disease control.Materials and methods
Viral nervous necrosis disease outbreak investigation
Surveillance for NNV infection of barramundi produced at a
commercial hatchery in the Northern Territory, Australia was
undertaken according to a previously described method (Hick
et al., 2011a). This survey identiﬁed NNV infection in 3 cohorts ofﬁsh (Table 2), but not in samples from broodstock or wild marine
organisms. In the previously described study, conclusions about
these outbreaks based on the spatial and temporal relationships
of each population of ﬁsh were supported by NNV prevalence data
estimated using a real-time reverse transcriptase-polymerase
chain reaction (RT-qPCR) assay (Hick and Whittington, 2010).
Brieﬂy, each population was free from NNV infection until a
point source introduction occurred. Population 1 became infected
when present at the hatchery in nursery tanks, where there
was minimal protection from exposure to NNV in the environ-
ment. Population 2a was present in a larval rearing system
at the hatchery at the same time that subclinical infection was
present in Population 1, which appeared to be the source of
infection via a horizontal transmission pathway. Populations 2a
P. Hick et al. / Virology 436 (2013) 15–2322and 2b were produced in a single spawning episode, but Popula-
tion 2b was transported to a grow-out farm at 1 day of age and
appeared to acquire NNV infection from an independent source.
Analyses of the NNV nucleotide sequence was performed according
to the methods described below to test these conclusions.
Determination of NNV nucleotide sequence
Two strategies were used to determine the NNV nucleotide
sequence (Fig. 1):(i) NNV sequence determined directly from ﬁsh tissue. The brain
and retinae or entire head of juvenile ﬁsh were homogenised
by micro-bead beating (Hick et al., 2010). A reverse transcrip-
tion (RT) reaction and PCR ampliﬁcation was performed using
nucleic acids puriﬁed directly from the tissue homogenates.
The nucleotide sequence of the NNV capsid protein gene was
determined directly from the PCR products using the methods
described below. The consensus viral nucleotide sequence
was determined from 5 ﬁsh selected at random from each
population. This strategy was used to determine the viral
quasispecies infecting Populations 1, 2a and 2b.(ii) NNV sequence determined after virus isolation in cell culture.
Homogenised tissues from a different randomly selected ﬁsh
to those used in (i) were used to isolate NNV in SSN-1 cells
according to a previously described method (Hick et al.,
2011b). The primary culture was passaged, and nucleic acids
were puriﬁed from the cell culture supernatant which was
collected when cytopathic effect was present in 450% of the
cells. Three independent reverse transcription (RT) reactions
were performed using the same puriﬁed nucleic acids and
PCR products corresponding to the RNA1 and RNA2 ORFs
were ampliﬁed from each RT reaction product. The nucleotide
sequence was determined from plasmid clones prepared for
each PCR product as described below. The nucleotide
sequence of each isolate was determined as the consensus
of the 3 clones for each ORF. This strategy was used to
determine the nucleotide sequence of isolates from Popula-
tions 1–4 which included an isolate from VNN affected
barramundi from the hatchery in 2001. In addition, an isolate
from Australian bass (Macquaria novemaculeata), located in a
temperate region, was obtained to represent the other geno-
typic subgroup present in Australia (Table 2).Nucleic acid puriﬁcation and reverse transcription
Nucleic acids were puriﬁed from tissue homogenates and ﬁrst
passage cell culture supernatants using the High Pure viral RNA
extraction kit (Roche). Reverse transcription was performed using
the AfﬁnityScript multiple temperature cDNA synthesis kit (Stra-
tagene) according to the directions of the manufacturer, with
20 pmol of sequence speciﬁc reverse primer (Table 3).
Ampliﬁcation of PCR products
The Expand High Fidelity PCR system (Roche) was used with
the primers indicated in Table 3 to amplify PCR products corre-
sponding to the ﬁrst RNA1 and the RNA2 open reading frames
(ORF). Reactions were prepared in a 50 ml volume according to the
directions of the manufacturer with 5 ml of reverse transcription
reaction product as template. The thermocycling conditions were:
94 1C for 2 min; 30 cycles of 94 1C for 40 s, 50 1C for 40 s and 72 1C
for 90 s (RNA2) or 180 s (RNA1); then 72 1C for 10 min. Ampliﬁed
DNA products of the appropriate size were excised from anethidium bromide stained agarose gel after electrophoresis and
puriﬁed using the QIAquick gel extraction kit (Qiagen).
Plasmid cloning of PCR products
Puriﬁed PCR products were ligated into plasmid pCR2.1s
and transformed into One-Shot TOP10 chemically competent
Escherichia coli using the TA cloning kit (Invitrogen). Plasmid
DNA was puriﬁed using the QIAprep Miniprep kit (Qiagen).
Sequencing reactions
Sequencing reactions were performed at the Australian Genome
Research Facility Ltd. (AGRF, St. Lucia, Queensland) using ABI BigDye
terminator chemistry V3.1 (Applied Biosystems). Nucleotides were
identiﬁed using the KB base caller (Applied Biosystems) and data
with a quality value 420 were used for analysis. Multiple sequen-
cing reactions using the primers indicated in Table 3 were per-
formed to obtain 2 times coverage (RNA1) or up to 4 times coverage
(RNA2) of each PCR product or plasmid clone. Sequence data were
assembled and the consensus of multiple sequences was deter-
mined using the Cap3 sequence assembly program (Huang and
Madan, 1999). Primer sequence was excluded from the analysis. An
online application was used to translate nucleic acid sequences to
the corresponding amino acid sequences (http://www.ebi.ac.uk/
Tools/emboss/transeq/, accessed December 2009).
Sequence alignment and phylogenetic analysis
Multiple sequence alignment was performed using Clustal W
version 2 (http://www.ebi.ac.uk/clustalw/; accessed December
2009), and pair-wise sequence identity was calculated using the
Needleman–Wunsch global alignment method (http://www.ebi.ac.
uk/Tools/ emboss/allign/, accessed December 2009; Needleman and
Wunsch, 1970). For the purpose of comparison, the sequences of
isolates representing each genotype of NNV were obtained from the
National Centre for Biotechnology Information GenBank (http://
www.ncbi.nlm.nih.gov/genbank/). Phylogenetic analyses were con-
ducted in MEGA 5.0 with the 1stþ2ndþ3rdþnoncoding positions
included and positions containing gaps and missing data eliminated
from the dataset (Tamura et al., 2011). Phylogenetic trees were
determined using the neighbour-joining method, with the bootstrap
consensus tree being inferred from 1000 replicates (Saitou and Nei,
1987). Bootstrap values were presented as the percentage of
replicate trees in which the associated isolates clustered together.
Evolutionary distances were computed using the maximum compo-
site likelihood method and were reported as the number of base
substitutions per site.Acknowledgments
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